Olfactory receptor (OR) genes form the largest known multigene family in the human genome. To obtain some insight into their evolutionary history, we have identified the complete set of OR genes and their chromosomal locations from the latest human genome sequences. We detected 388 potentially functional genes that have intact ORFs and 414 apparent pseudogenes. The number and the fraction (48%) of functional genes are considerably larger than the ones previously reported. The human OR genes can clearly be divided into class I and class II genes, as was previously noted. Our phylogenetic analysis has shown that the class II OR genes can further be classified into 19 phylogenetic clades supported by high bootstrap values. We have also found that there are many tandem arrays of OR genes that are phylogenetically closely related. These genes appear to have been generated by tandem gene duplication. However, the relationships between genomic clusters and phylogenetic clades are very complicated. There are a substantial number of cases in which the genes in the same phylogenetic clade are located on different chromosomal regions. In addition, OR genes belonging to distantly related phylogenetic clades are sometimes located very closely in a chromosomal region and form a tight genomic cluster. These observations can be explained by the assumption that several chromosomal rearrangements have occurred at the regions of OR gene clusters and the OR genes contained in different genomic clusters are shuffled.
Olfactory receptor (OR) genes form the largest known multigene family in the human genome. To obtain some insight into their evolutionary history, we have identified the complete set of OR genes and their chromosomal locations from the latest human genome sequences. We detected 388 potentially functional genes that have intact ORFs and 414 apparent pseudogenes. The number and the fraction (48%) of functional genes are considerably larger than the ones previously reported. The human OR genes can clearly be divided into class I and class II genes, as was previously noted. Our phylogenetic analysis has shown that the class II OR genes can further be classified into 19 phylogenetic clades supported by high bootstrap values. We have also found that there are many tandem arrays of OR genes that are phylogenetically closely related. These genes appear to have been generated by tandem gene duplication. However, the relationships between genomic clusters and phylogenetic clades are very complicated. There are a substantial number of cases in which the genes in the same phylogenetic clade are located on different chromosomal regions. In addition, OR genes belonging to distantly related phylogenetic clades are sometimes located very closely in a chromosomal region and form a tight genomic cluster. These observations can be explained by the assumption that several chromosomal rearrangements have occurred at the regions of OR gene clusters and the OR genes contained in different genomic clusters are shuffled. O lfaction, the sense of smell, is important for mammals to find food, identify mates and offspring, and avoid danger. Mammalian olfactory systems can discriminate between thousands of different odorant molecules in the environment. These odorant molecules are detected by olfactory receptors (ORs), which are encoded by the largest multigene family in mammals. OR genes were first characterized in rats (1) , and have been identified in various vertebrates, from lampreys to humans (reviewed in refs. [2] [3] [4] [5] . ORs are G protein-coupled receptors that have seven ␣-helical transmembrane regions and trigger a signaling cascade. Mammalian OR genes are expressed mainly in sensory neurons of olfactory epithelium in nasal cavities. It is generally believed that each olfactory neuron expresses only one OR gene (6, 7) , but this mechanism is still unknown (8) . Some mammalian OR genes are expressed in spermatogenic cells, and recent study indicates that they have a function in sperm chemotaxis (9, 10) .
OR genes are Ϸ310 codons long and contain no introns in the coding region. This property facilitates the identification of OR genes from genome sequences. A total of 906 OR genes and pseudogenes were identified from draft human genome sequences and other databases by homology search (11). They were distributed on different chromosomes and typically found in clusters, although there were some singletons. Statistical analysis suggested that at least 63% of them are pseudogenes. The number of intact (potentially functional) OR genes in the human genome was reported as 322 (11) or 347 (12) . In mice, 1,296-1,393 OR functional genes and pseudogenes were detected from draft genome sequences (13, 14) . The fraction of pseudogenes in the mouse genome is much lower than that in the human and has been estimated to be Ϸ20%. This observation is likely to reflect the difference in the importance of olfaction between humans and mice (15, 16) . The catfish genome is believed to contain Ϸ100 OR genes (17) . On the basis of sequence similarity, OR genes in mammals, birds, and amphibians are classified into two groups: class I and class II genes (3, 18) . All known OR genes in teleosts belong to class I. Several experiments suggested that class I ORs are specialized for recognizing water-soluble odorants, whereas class II ORs are specialized for airborne odorants in amphibians (19, 20) . For this reason, class I ORs in mammals were thought to be evolutionary relics. However, the human and mouse genomes also contain a substantial number of class I OR genes that are potentially functional (11, 13) . The functional significance of these class I genes in mammals is unknown.
The classification or nomenclature of OR genes is not fully established. Glusman et al. (18) proposed a hierarchical nomenclature based on families and subfamilies, which correspond to the largest phylogenetic groups with Ͼ40% and 60% amino acid identities, respectively. According to them, class I OR genes can be classified into 17 families, and class II genes were classified into 14 families. In contrast, Zozulya et al. (12) proposed another nomenclature, in which both phylogenetic grouping and chromosomal location were taken into account. They classified human OR genes into 119 families.
The evolution of OR genes is poorly understood, mainly because the number of genes is so large. The purpose of this study is to obtain some insight into the evolutionary dynamics of a large multigene family. We conducted a phylogenetic analysis of all OR genes that are putatively functional and introduced a previously undescribed system of OR gene classification. Using this classification, we investigated evolutionary relationships of OR genes from the same and different chromosomal regions.
Materials and Methods
Detection of OR Genes and Pseudogenes. To detect OR functional genes and pseudogenes from the complete human genome sequences, a homology search was conducted. The DNA sequences of all human chromosomes were downloaded from genome.ucsc.edu (hg15, the April 10, 2003, version; ref. 21) . Human OR gene sequences were obtained from Zozulya et al. (12) and the Human Olfactory Receptor Data Exploratorium (HORDE), which is available on the web site, bioinformatics. weizmann.ac.il͞HORDE (11) . We merged these two databases to make a nonredundant data set, including 356 intact human OR genes. We then conducted a TBLASTN search (22) with the E value of 10 Ϫ20 against the whole human genome sequences by using each of the intact human OR genes as a query. We regarded all of the matches detected by the homology search as OR functional genes or pseudogenes. The criterion of the E value of 10 Ϫ20 is similar to that previously used for searching mouse OR pseudogenes (14) , but ours is more stringent for short matches of Ͻ150 amino acids and is slightly weaker for the matches covering almost the entire sequence. The matches obtained by the homology search were classified into functional genes and pseudogenes in the following way: We first regarded matches that were shorter than 250 amino acids, and those containing interrupting stop codons or frameshifts, as pseudogenes. The other matches were used for further analysis. For each of the matches, we extended the DNA sequence to both 3Ј and 5Ј directions along the chromosome to extract the longest sequence that starts with the initiation codon ATG and ends with the stop codon. All these sequences were translated and aligned by using the program FFT-NS-I (23), and the most appropriate start codon positions were chosen through visual inspection. We then assigned the transmembrane regions according to Zozulya et al. (12) , and the sequences having long (Ͼ3 amino acids) deletions or insertions within transmembrane regions and those lacking the extracellular region completely before the first transmembrane region were regarded as pseudogenes. The remaining sequences were defined as functional genes. alignment was made by the program FFT-NS-I (23) . Poisson correction distances among amino acid sequences were calculated after gaps were completely deleted. A phylogenetic tree was constructed from these distances by using the neighborjoining method (24) . The tree construction was conducted by the program LINTREE, which was downloaded from www.bio.psu. edu͞People͞Faculty͞Nei͞Lab (25) .
Classification of Pseudogenes into Class I and Class II. We conducted a BLASTP search (22) for all of the 414 OR pseudogenes detected above, against all of the 388 functional OR genes. Each pseudogene is classified into class I and class II, when the best hit belongs to class I and class II, respectively.
Results

OR Functional
Genes and Pseudogenes in the Human Genome. Conducting an extensive homology search, we detected 388 potentially functional OR genes that have intact ORFs and determined their exact positions in the human genome. This number is considerably larger than the previous report, i.e., 322 OR genes detected by Glusman et al. (11) or 347 OR genes detected by Zozulya et al. (12) . We also identified 414 apparent pseudogenes and their locations in the human genome. Although Glusman et al. (11) reported Ͼ900 human OR genes and pseudogenes, they included the sequences that were detected from EST databases. According to them, the total number of the OR genes and pseudogenes of which the genomic positions were assigned was 764, which is smaller than ours (802). Our analysis suggests that the proportion of pseudogenes in the human genome is Ϸ52%, which is significantly smaller than the previous estimate, i.e., 72% by Rouquier et al. (26) or 63% by Glusman et al. (11) . The nucleotide and amino acid sequences and the genomic locations for OR genes are available from our web site, mep.bio.psu.edu͞databases.
Genomic Distribution of Human OR Genes. Fig. 1 shows the distribution of OR genes on human chromosomes. The OR genes form genomic clusters, many of which are located in subtelomeric or pericentromeric regions as reported (26) . In this study, we defined an OR genomic cluster by using the criterion that any distances between two neighboring OR genes (including pseudogenes) in a cluster are Ͻ500 kb, regardless of the presence of other genes within the cluster. Previous studies used the criterion that any distances between two neighboring OR genes or pseudogenes in a cluster are Ͻ1 Mb (11, 13) or 500 kb (14) . Using this definition, we identified 95 OR genomic clusters (Fig. 1) . In this article, even if an OR gene exists alone as a singleton, we call it a genomic cluster, for simplicity. We named these genomic clusters by using the chromosome number on which the cluster is located, and the index number of a cluster for the chromosome. Of these OR genomic clusters, 34 included at least five OR genes or pseudogenes (see Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org), and 29 clusters contained only one gene or pseudogene. The largest cluster, 11.3, contained Ͼ100 OR genes, including pseudogenes, and occupied a 2-Mb region on chromosome 11. Several genomic clusters such as 1.5, 9.6, and 11.4 contained a significantly (P Ͻ 1%) higher fraction of functional genes than the average ( Table  1 ). The distribution of the distances between two consecutive OR genes (including pseudogenes) on the same chromosomal arm is shown in Fig. 6 , which is published as supporting information on the PNAS web site. A sharp peak was found at Ϸ11 kb, indicating that the interval between consecutive OR genes is nearly the same for a majority of them.
Phylogenetic Analysis. To classify human OR genes into related groups of sequences, we conducted a phylogenetic analysis. Here, we confined our analysis to functional genes only, because most pseudogenes contained deletions and were much shorter than functional genes. Fig. 2 shows the phylogenetic tree for the 388 functional OR genes. It is seen that functional OR genes are clearly separated into class I and class II (18) with 100% bootstrap support. The numbers of class I and class II genes are 57 and 331, respectively. Class II genes can further be subdivided into phylogenetic clades, each of which is supported by a bootstrap value of Ͼ90% and contains at least five members. When a clade was nested in another larger clade, we used the latter clade, ignoring smaller clades. In this way, we identified 19 phylogenetic clades and named them clades A-S, from the largest to the smallest clade (Fig. 2) . (Our classification did not change significantly when currently known mouse OR genes were added to the phylogenetic tree.) However, the bootstrap values for the interior branches relating these clades are generally quite low. There are only two interior branches (branches a and b in Fig. 2 ) that represent interclade relationships with a bootstrap value of Ͼ50%. Interestingly, the bootstrap value for branch c in Fig. 2 is quite high (73%), suggesting that one gene diverged earlier than the other class II OR genes. The average amino acid identity of OR genes within a phylogenetic clade was from 47.4% (clade L) to 70.3% (clade K). Fig. 2 also shows the families (numbered in brackets) proposed by Glusman et al. (18) . There are some differences between their classification and ours. For example, the members of family 2 by Glusman et al. (18) are divided into clades B, C, F, and K in our classification, but clade F also contains the members of family 13. Similarly, their family 5, 8, or 10 does not correspond to a monophyletic clade in our classification. These differences between the two classifications apparently occurred, because Glusman et al. (18) defined a family as the largest subtree for which the average amino acid identity is Ͼ40%, regardless of the bootstrap value of the subtree.
Relationships Between Genomic Clusters and Phylogenetic Clades. Fig. 3 shows the physical maps of OR functional genes and pseudogenes in several genomic clusters. It is clear that functional OR genes belonging to the same phylogenetic clade tend to be located close to one another on a chromosome, forming a tandem array. For example, all of the functional OR genes in genomic cluster 3.3 belong to clade I, and all genes, including pseudogenes, are located on the same strand. However, the transcriptional directions of OR genes belonging to the same phylogenetic clade are often different, as in the case of some genes from clade E in genomic cluster 12.5. Fig. 3 also indicates that one genomic cluster often includes OR genes from two or more phylogenetic clades. For example, genomic cluster 11.11 contains OR genes from phylogenetic clades A, M, N, and O and many unclassified genes. The genes belonging to each of the clades A, M, N, and O form tandem arrays. The phylogenetic tree (Fig. 2) shows that the genes belonging to clade A and clades M, N, and O are distantly related. Similarly, genomic cluster 1.5 contains functional OR genes from clades B, C, and L, but the genes from these clades are distantly related (Fig. 2) . Furthermore, clades G and J in cluster 11.18, clades A and S in cluster 14.1, and clades D and P in cluster 1.4 are distantly related to each other. In each genomic cluster, neighboring OR genes are generally closely located, even if they belong to different phylogenetic clades. Fig. 4 shows the relationships between phylogenetic clades and genomic clusters. OR genes in one phylogenetic clade are often found in several different genomic clusters. For example, 53 functional OR genes belonging to clade A are dispersed in 15 different genomic clusters. At the same time, one genomic cluster sometimes contains genes from distantly related phylogenetic clades, as was shown in Fig. 3 .
Class I OR genes are exceptional in that all of functional class I genes are located in one cluster, 11.3, and the cluster does not contain any functional genes from class II. To see the genomic distribution of class I pseudogenes, we classified all OR pseudogenes into class I and class II on the basis of homology search against functional genes (see Materials and Methods). Of the 414 pseudogenes, 45 were classified into class I and 369 were classified into class II. The fraction of pseudogenes was 44% in class I and 53% in class II. We also found that all of the class I pseudogenes are located in genomic cluster 11.3, and genomic cluster 11.3 does not contain any class II pseudogenes. Therefore, the correspondence between the cluster 11.3 and class I genes holds true for both functional genes and pseudogenes.
Discussion
Our results can be summarized as follows: (i) A substantial fraction of human OR genes are pseudogenes. (ii) Functional OR genes that belong to one phylogenetic clade are generally located close to one another on a chromosome, and, in many cases, have the same transcriptional direction. However, (iii) functional OR genes belonging to one phylogenetic clade are often found in several different genomic clusters. (iv) One genomic cluster often contains OR genes belonging to different phylogenetic clades that are distantly related. Observation i suggests that the OR gene family is subject to the birth-and-death model of evolution, in which new genes are formed by gene duplication and some of the duplicate genes differentiate in function, whereas others are inactivated or deleted from the genome (27, 28) . In fact, our joint phylogenetic analysis of human and mouse OR genes, which will be published elsewhere, has confirmed this assertion (see also Fig. 5 ). Observation ii can be explained by tandem duplication. In the case of genomic cluster 3.3, we can trace the evolutionary history of OR functional genes and pseudogenes. The phylogenetic tree in Fig. 5 shows that all of these genes are closely related, and that recently diverged genes are generally located closely to one another. This result suggests that these genes were generated approximately one by one by repeated tandem duplication. However, the genes diverged most recently are not necessarily located adjacently, as in the case of genes 3.3.4 and 3.3.6. The transcriptional direction of neighboring OR genes belonging to the same phylogenetic clade are often different (Fig. 3) . These observations indicate that the genes in a genomic cluster were often inverted.
Observation iii implies that a single genomic cluster was fragmented by chromosomal translocation into smaller clusters that were eventually dispersed on different chromosomal regions. To explain observation iv, a mechanism that brings two clusters from different chromosomal regions into one cluster should be considered. A possible explanation is that recombination takes place between two OR gene clusters located in different chromosomal regions, and genes included in the two clusters are shuffled (see Fig. 7 , which is published as supporting information on the PNAS web site). This event can occur by an inversion (when the two clusters are located on the same chromosome), or by a reciprocal translocation (when they are located on different chromosomes). It is thought that reciprocal translocations cannot easily be fixed in the population, because an organism heterozygous for a reciprocal translocation and the original chromosome usually produces only half as many offspring as the homozygotes, and thus they are deleterious (29) . In the present case, however, OR genomic clusters are often located at the terminal regions of chromosomes (see Fig. 1 ). Therefore, a reciprocal translocation occurring between two OR gene clusters located on different chromosomes would not affect the fitness of heterozygotes seriously, because the number of genes affected by the translocation is small.
This model appears to be acceptable for the following reasons: First, mammalian species have undergone extensive chromosomal rearrangements. It has been estimated that at least Ϸ300 chromosomal rearrangements have occurred after the divergence of humans and mice (30) . The divergence of phylogenetic clades A-S is much more ancient than the human-mouse divergence (data not shown). Therefore, chromosomal rearrangements appear to have occurred many times after the formation of OR gene clusters. Second, several studies have shown that the recombination between nonallelic low-copy repeats are responsible for chromosomal rearrangements such as deletions, duplications, inversions, and, possibly, translocations (reviewed in refs. 31 and 32) . It has also been suggested that, in humans, several chromosomal rearrangements, including reciprocal translocation t(4;8)(p16;p23), have occurred by the mediation of OR gene clusters on chromosomal regions 4p16 and 8p23 (33, 34) , although these clusters seem to contain only pseudogenes.
As mentioned above, OR genes belonging to one phylogenetic clade tend to form a tandem array in a genomic cluster. However, the genes from different phylogenetic clades often intermingle in a genomic cluster. For example, OR genes from clades B, C, and L are mixed to one another in a genomic cluster 1.5 (Fig. 3) . This finding indicates that local chromosomal rearrangements have taken place within a genomic cluster after large-scale chromosomal rearrangements occurred to form the cluster. The occurrence of singleton OR genes can also be explained by chromosomal rearrangement, but it is also possible that these genes were generated by reverse transcription of mRNA transcripts and integration of the resultant cDNA into genomic DNA (35) . Interestingly, our data showed that 24 of 29 singletons are pseudogenes.
Glusman et al. (11) proposed the ''out of chromosome 11'' theory of evolution for human OR genes. According to this theory, the duplication of class I OR genomic cluster on chromosome 11 resulted in the formation of the first class II genomic cluster on the same chromosome. This class II cluster was again duplicated, and one of the clusters generated by the duplication was transferred to chromosome 1. This cluster on chromosome 1 was then duplicated many times, and the resultant duplicate clusters were transferred to other chromosomes. However, this theory seems to be unreasonable, because it assumes that each genomic cluster of OR genes is an evolutionary unit. The real process of evolution of OR genes is much more complicated, as we have seen.
